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: ··~· ABSTRACT 
This report describes an experimental investigation of a pre-
-cast structural framing system. The testing program consisted of eight 
column sections tested as concentrically loaded and eccentrically 
loaded columns, and foµr connection tests, three connections tested 
under proportional loading and one under sustained column load. 
The purpose of the investigation Jas to: 
1. Determine the ultimate strength of the column section 
used in this system. 
2. Examine the behavior of these column sections in the 





3. · Determine the ultimate strength of the connection 
detail used. 
4. Examine the behavior of the connection prior to 
failure. 
·Static loads were used throughout the investigation. 
· -The reinforce.ment used in this system does not permit classi-
fication of the column sections under the present ACI Code provisions. 
A method of analysis, based on two-column theory, is presented and 
exhibits good correlation with the test results • 
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An ·e~perimental investigatioi:,. is virtually. the only available 
method for complete evaluation of a new connection design. The con-
nection tests· conducted indicate the details of this system are satis-
factory .and the ultimate capacity qf the connecti·on is that of the 
controlling (weaker) framing element. 
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1.1 BACKGROUND . :,- . 
The feasability of using precast concrete members as a structural 
framing system requires the development of certain fabrication procedures 
and design details which tend .to reduce production costs and simplify 
erection of the structure. A precast concrete structure is composed of 
individual elements which must be connected together to form the fr·aming 
system. 
Tl:;le design of the indivldual member.s is governed by two codes, 
the American Concrete Institute Building Code (l) and the Prestressed 
COncrete Building Code. (Z) The ACI Code was developed primarily for 
cast-in-place concrete with some provisions governing precast members 
in Chapters 24 and 26. The PCI Code. deals primarily with pre stressed 
concrete applications. The development of a precast framing system may 
result in the use of ~etails which do not conform to every provision of 
these codes, or for which there are no appli~able provisions in either 
iCOde. 
The connection of precast elements is the major area of design 
· and construction still open to. the skills and ingenuity of the engineer • 
Some attempts have been made to establish criteria for- the design of the 
connections to be used in precast concrete construction. <3H4H5) 
· I , 'I' 
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Es tab l ishe d methods of joining precast memb~rs were used as the 'basis 
.• for these criteria. The work deals with design standards for these 
existing systems for connection elements, and therefore, -is· of limited 
-· applicability in ·the evaluation of new developments. Most of the ·con-
nection details presently in use have been described in detail in other -
papers. ( 6)(7)(S){9)(lO)(~l)(l2){lJ) Some of the connection details 
described have been tested under controlled conditions, (l4) {lS) while 
others have been used on the basis of engineering analysis. The varia-
bility of material properties, the unknown degree of interaction between 
the materi~ls, and the unknown degree of .continuity provided by the 
connections makes analysis of most details difficult. 
' 
· 1 • 2 PRE SENT PROGRAM 
Thls report covers a series of tests conducted for the purpose 
of evaluating a particular system of ·precast concrete members and con-
/ 
nection details for buildings in which the main longitudinal reinforce-
ment of the columns consists of stee 1 tubing; and the beam-column 
·connections are.made through use of a threaded stud which passes through 
the beam and fits into the column above and below the beam level. The 
connec-tions are made during erection without .resorting to welding, and 
l 
are completed by grouting during and following erection. 
'The longitudinal reinforcement of the column consisted only of 
a single steel tube; and at present, there is ·no specification in th~ 
present ACI Code (ACI 318-63) which is directly applicable as a means 
·~·. of classifying this column section. The provisions of Section 913 of 
•• 
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the Code; governing reinforced concrete.columns, require a minimum of 
.. 
six longitudinal bars for spiral columns and four for tied columns, 
where the minimum bar· size in both cases is 115 bar., This section cannot 
be classed as a composite column because (1) the hollow metal core is 
not filled with concrete, (2) the transfer of loads from framing members 
to the column section is not tied directly to the main reinforcement, 
and (3) the metal core is encased prior to placement. The Code require-
§ 
ments for combination columns also rule out the section with regard to 
loads being transferred directly to the core, and necessary reinforcement 
in the concrete. It is obvious that provisions governing concrete-filled 
pipe columns are not applicable. All of the provisions mentioned are 
based on the assumption that the framing system will incorporate con-
tinuous column sections· with ··individual beam elements framing into these 
columns. This is not the case in the 0 Dynaframe" system, in which the 
beams are the continuous·'elements, while the columns are essentially 
framed into the beams. 
"' 
Although the provisions governing the classification of the 
column sections tested eliminates these sections as reinforced column 
4 




"Ultimate Strength Design" appear to give reasonable estiriia.'tes of_ the 
strength of these column sections when loaded at .small eccentricities. 
The test results· were initially eva.luated on this basis. Two proposed 
·m~thods for analyzing the particular column sections used in this system 
.are presented in Section 3. 
' 
The beams of the system were designed in accordance with 
provisions of the ACI Code for prestressed concrete members. The effect· 
. ' 
~ .· (} 













. ' .... 
.,1, ' '' 
·•·. of the void cast in the b·eam is not considered in determining the the or-
" - r..\ 
etical capacity of the beam section. · 
' 
As was ·stated in the .Previous section, the criteria governing 
the design of connections presently available is based on connection 
,-. . ' , .. 
. -.. ·- ·. __ , ~-· ---· -·· 
' ' 
•• 
details which have been used in the past. They give methods for designing 
these connections but do not provide any real insight into the problem 
of evaluating new connection designs. The analysis or design of a 
structural f-rame requires some knowledge of the strength and ductility 
of the connection. A rigorous analysis of any connection detail, 
whether composed of only·one material or many, is an extremely difficult 
-·-, 
task and results in' answers of questionable value. With the variety of 
materials present in this connection detail, the only practical approach 
was. a series of tests. Tests· in which both beam and. column failures 
developed in the vicinity of the joint were conducted. 
The "Dynaframe" system is a true system. The connection detail 
would not be suitable for other syst~ms of column reinforcement and the 
method employed for column reinforcement does not lend itself readily to 
other possible connection details. One solution to the problem of 
evaluating this system would be a specification which covers this 
particular combination of members and ·connection details. 
, ' 
. ' 
Compression tests were·made on eight columns involving three 
·different cross-sections with the same externai dimens.ions. · Specimens 
.from each type of cross-section were tested as concentrically loade~ 
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' 
. . . . . ~ ,.. ' ' ' .. Three· beam-column connections were tested in which loads wei:ie 
.applied to both columns and beams. Proportional loading was used in 
· all connection tests, with beam loads maintained at forty percent of the 
maximum column load. The beam loads were varied with respect to each 
~ 
. 
other to develop moment conditions similar to those in the column tests. 
·The investigation also included a sustained loading test on one 
joint specimen in which only the column portions of the connection were 
loaded. Thi.s test was performed in an effort to study the effect of 
creep, of the grouting materials· used in the connection, on the integrity 
of the connection. Tests of the various materials involved were also 
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2. TEST SPECIMENS AND TE-STING PROCEltURE 
2 .1 MATERIAL PROPERTIES· 
The steel tubing used as main reinforcement in the columns was 
cold-drawn seamless tubing of AISI 1018 stee 1. The material properties 
of the tubing were determined by both compression and tension tests. 
The compression test consisted of a full section stub column test(l6) 
on a short length of tubing. The tensile properties were determined 
from two tensile coupons cut from diametrically opposite positions of 
the tubing wall. Tensile specimens were machined from these coupons 
and tested in accordance with the provisions of ASTM E8. 
The results of these tests are summarized ·in Table i and the 
stress-st~ain relationships are shown in Fig. 1. The significant dif-
ference in the tensile and compressive properties. of the steel are due 
primarily to two factors. First, the cold-drawing process normally 
produces. an increased tensil~ yield stress value and a depressed com-
pressive yield stress value. (l7) The other factor influencing the curves 
• 
of Fig. 1 is the presence of residual stresses in the stub column which 
have been p~actically eliminated by. the· machining involved in obtaining 
the. ~ensile specimens. 
The cold-drawing process also precludes the existence of a 
... ,distinct yield point for this material. (l7) · This is clearly shown in 
Fig. 1. In comparison, the deformed bars normally used as concrete 
" . ·' . . . ·~ . . 
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. reinforcement are not extensively cold-worked, and do exhibit a· definite 
yield point. The procedures normally used in ultimate $trength de.sign 
are based on the· stress-strain relationship of the reinforcement being· 
'( ...... ·• 
· . of this so-called elastic-perfectly-plastic nature to. insure adequate_ 
ductility of the member. r"That is, the philosophy dictates- that members, 
should be pr6portioned such that yielding of the·steel will occur prior 
to crushing of the concrete, so as to provide adequate warning of im-
pending failure. However, the nature of the stress-strain relationship 
for· the tubing ,used in these columns raises the question of a suitable 
' . 
design value for ste.el stress to be used in any design procedure.·· 
Normal values accepted by the designer in reinforced concrete 
ii 
or other materials are taken from mill reports furnished by the manu-
facturer or the guaranteed minimum properties of the material as specified. 
Mill report values would .correspond to the upper yield values indicated 
by the tensile specimens. Use of these values in a design procedure 
could be misleading with regard to the actual strength of the member. 
The properties of real.interest to the designer are the compressive 
properties of the full section being used, For the material used in these 
·~specimens, the compressive properties correspond reasonably well to the 
D 
minimum guaranteed manufacturers values for tensile properties.. It would . 
. 
. not be a safe assumption to say that this would always. be the. case. 
Additional tests. on various cross sections with various amounts of cold-
drawing would be required to arrive at any correlation. For this partic-
CJ 
ular series of· tests the correlation will be used in the analysis por-tion 
. ' 
. - .... 
,; - . . ., ·- .. -. ·, _, ........ 
. ... ·.::...·'"'. 
. ..... 
. . ._._ 
.. 
. _,: ;. -:·. ·~--
'' ••. 'i 
. .. 
···-·' --:-c-·1'. ·_,. : 
'' 
.. ' .. , 
•••. ; l : 
; ~ ': ;. I 
--- ' :·_;:i: ·-\·;. ., ,·,_··!,.·:·· . ,·, ... -,. 
- '.. - ". 
.~ .. --· 
I . 
1?,~·>tT·:: -~,·~~ ·~'',\~:~::~:~~: .. >.:;'.."' .. ~;~;~'~< ~·"'~11'"- •:?.r«.~··· ·~-.-·•-- · · • • • • • 
- ·• I 
··~--~-·---·--·--·•- ... .- •• -.... ,_,.,,..,-·_,,·~,-_ .. , .. ,., '!"'-" .. ,...,., ...• _.,.•-,,,-'.•">·--··-,.-,.,_-... ,-,.~~; ....... ~--~---"- ----~--- ·"·" ·-·-. -
• -·········--·····--···· ----··.. 
. ····- -, "' ~ .. ,.. 










' ../.·.·· ' , .. 
.. 










· Propert~es of· the concrete were obtained from tests:· of standard, 
··•1 '. .• 6 .. x 12-in. cylinders tested at the same age as.the corresponding members. 
· .Typical stress-strain relationships for the concrete, as developed ~rom 
the cylinder_ tests, are shown in Figs. 2 and 3. The cqmpressive strength 
and modulus~£ elasticity of the concrete used in·the columns are 
reported in Table 2. The compressive strengths of the concrete in both 
the beam and column sections of the connection tests are reported in 
Table 3. All concrete strengths were in excess of the design strengths 
of. 7000 psi for the columns and 5000 psi for the beams . 
• 
2.2 COLUMN SPECIMENS 
The eight column sections tested included three types of 
members. The series denoted as CA-1, CA.-2, and C'A-3 were reinforced with 
tubing, three 5/16 inch support strands, and a 1/4 inch diameter spiral 
w.ith, a pitch of 4 inches. Details of these specimens are given in Fig. 
· 4 •. The series denoted CB-1; CB-2, and CB-3 were reinforced with only 
. 
the tubing. Details o·f · these columns are given in Fig. 5.. Two plain 
'· •• ·-~.,. _J 
concrete columns denoted as CC-1 and CC-2 were also tested. These 
columns were cast with a hollow core 5 inches in diameter formed by a 
·sonotube. • 
, 
All eight columns were cast with a steel bearing plate at each 
end. In the CA series and the CB series this plate was tack welded to 
the steel tubirig. In the CC series a short length of tubing was .tack · 
welded to each bearing plate to ~'anchor -,the bearing p·late to the column 
section • 
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The support strand used in the CA. series was primarily intended 
for po,sitioning of the spiral steel. It consisted of 5/16 inch ·diameter 
! •• ' ~ 




strand, the three strands in each s~ction. b·eing prestressed initially to . 
a total force of -10.15 kips. This support strand is neglected as longi- · 
tudinal steel. The spiral steel was anchored at each end by approxi• 
mately two extra turns. 
· 2.3 CONNECTION SPECIMENS 
Details of the connection specimens are given in Fig. 6. The 
two short column sections in each joint were reinforced in the same 
manner as the CB ser·ies columns. The beams were pres tressed with ten 
pretensioned 1/2 inch diameter 7-wire strands having an ultimate strength 
of 250 ksi. Each joint was fabricated by post tensioning the three 
_components together to simulate the dead load condition. The grouting 
materials used were identical to those specified for field connections • 
. 
The assembly of the components was done in a manner which was 
felt to be as close as possible to actual field conditions. A neoprene 
bearing strip, 1/2 inch by 1/2 inch in cross section, was giued to the 
top surface of the lower column. This strip was located with 1/2 inch 
clearance from the edge of the colunm. A threaded stud with an adjustab:le 
. ~ 
bearing collar was inserted in the lower column with the collar bearing 
on the tubing and the stud extending inside the tubing approximately 
12 inches. The beam was cast with a hole of larger diameter than the 
stud extending vertical•ly through the member. · The beam was placed over 
the stud and allowed to bear on the neoprene bearing strips. A second 
.. 
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.I· adjustable beari~g collar was threaded on the portion of the stud above 
the beam, down· to a p~_int which would give the proper elevation for·. ~ 
the upper column section column top. The .upper colunm section was then . 
placed over the stud with the tube bearing.on the threaded _collar, and 
the threaded stu·d extending into the tube approximately 12 inches.. A 
rod was placed through the hollow core of the tube and threaded stud, and. 
post-tensioned· to 75 kips to hold the three components together under a 
simulated erection load condition. 
To simulate the next phase of erection, the placing of precast 
slab units, the beam was wedged down onto the lower column top bearing 
strips. The void inside the bearing strips between the top of the 
column section and the bottom of the beam was filled with a special 
epoxy-filler mix. The mix was poured into the top. of the hole cast in 
the beam. This material filled both the void below and the hole cast 
in the beam. 
- ,. .. 
The final step in the preparation of the joint was to grout the 
area above the beam with dry packed Embeco. . .,,. ,9 
), 
The post-tensioning ·force in the rod was maintained throughout 
fabrication, shipment, and storage of the spec.imens. The rod was removed 
· after the. specimens had been positioned in the .testing machine. 
2.4· TESTING PROCEDURE 
One of each of the three types of column specimens (CA-1,·· CB-1, 
and CC-1) was --tested as a concentrically loaded column as shown in 
. Pig. 7· and Fig. 18. These specimens were loaded .with a semi-fixed end · 
·,. 
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condition using a wedged spherical bearing block. The two end ·plates 
-
. of the column specimens were grouted against suitable bearing plates, 
. ~ - . . 
' 
with the sphe-rical bearing block at the upper end of th,,e colunm. --· 
· During alignment of the specimen in the testing machine, the spherica~ . 




at the four corne~s of the column were uniform, within 5 percent, the 
• 
testi11g of the column was carried out. 
At a· column load of 120 kips the spherical bearing block was 
blocked with suitable wedges to prevent any further rotation, thus 
, __ 
giving a semi-fixed end condition. The columns were then loaded in 
increments to their ultimate capacity. This procedure for testing 
concentrically loaded columns has been used in the past by other 
. . . (18) (19) 1.nvest1.gators. 
Each of the relll8,ining columns of series C'A and CB and the one 
· specimen of the CC series was t·ested as an eccentrically loaded column 
with pin-end ·conditions. The fixtures used are described in detail 
. . (20)- . 
elsewhere. The fixtures are shown as used in Fig. 19 of the test 
setup. Columns CA-2 and CB-2 were .. , tested with an eccentricity of 
1-3/4 inches. The eccentricity for the tests of the remaining column 
,. 
sections (CA-3, CB-3, and CC-2) was 3-1/2 inches.· 
. . 
· ·. All of the colunm tests were of short duration. The procedure 
during te~ting was to ·apply· an increment of load, read all instrumen- · . . 
tation, -and examine the specimen for visible cracking under a constant 
· -load. The testing time· per specimen was approx,imately 3 hours • 
• @ 
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Fo~ .. the ,-j"~int sJecimens, the column sections were seated against 
suitable bearing plates without grouting·. The column load was applied 
. by a universal testing machine while -the beam loads were' applied by ' 
means of hydraulic jacks and a pendulum dynamometer. The test setup 
-~ls shown in Fig. 20. The loadi1:1g conditions applied to the specimens 
correspond to actual building connections under high shear. 
Connection test CT-1 was conducted· with_ synnnetrical and pro-
portional beam loading. The total beam load was 40 percent of the 
column load with 20 percent applied to each beam segment. Thi~ beam load 
to column load proportion was maintained throughout the test. The column 
load was increased to slightly less than the desired. increment, and then 
the corresponding increment of beam load was applied. The final adjust-
ment of the two -loads was made S'imultaneously. 
For the second connection test (CT-2) an unsymmetrical, but 
proportional, loading system was used. The north beam section was loaded 
with 26 per~ent of the total column load, while the south beam carried 
13 percent of the total column load. The loading sequence for this test 
. 
was the same as that used in ·the previous test. 
The loading system was altered for connection test CT-3. In 
an effort to prevent beam failure from occurring prior to colunm failure 
in the test, · only· one jack wa_s used on the north beam load point to 
'-1 • apply a bending moment to the connection. The beam load for this test 
was maintained.at 6 percent of the applied column load. The same loading 
--
. · sequence as previously used was followed. 
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/ • - ' ' In an effort to examine·the effect of the creep characteristics 
of the epoxy grout used in these joints, one connection specimen was 
loaded in a mechanical testing·machine for a period of two weeks. No 
beam loading was applied during this test. Column and grout deformation 
.aata was taken at regular intervals of loading up to the capacity of the. 
testing machine (800 kips). Certain of these loads were maintained over 
a period of 48 to 120 hours to obtain data for the creep study. 
2.5 INSTRUMENTATION 
All column sections~were instrumented as shown in Fig. 7. The 
four dial gages mounted at the corners of the lower bearing plate, and 
connected to the upper bearing ·plate by fine wire, were used to measure 
overall column deformations on all column sections. The dial gages had 
a least ~ount of 0.001 inch. 
Electrical resistance strain gages of 6-inch gage length were 
mounted at midheight of the column specimens. Two gages were mounted 
on each column face, each gage being two inches from the centerline of 
the face on which it was mounted. One gage from each face was monitored 
on a continuous recording device.' The . other gage on each face was con- · 
. 
. nected to conventional strain monitoring equipment where numerical values 
of unit strain were read out at each load increment. ' / 
For the ec,centrical'ly loaded columns ·a mechanical .rotation gage 
was used to determine end rotation • 
. ,-
•';' .... 
: _, - Instrumentation for the connection tests-is shown in Fig. 8. 
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gages at. three eievations on the columns, and on the two exposed beam 
. ' 
· faces. · Th~ gages on the column sections were spaced around the column, 
:. as in the. column tests, at d·istances of 2 inches ·and 14 inches below. 
the beam and 12 inches above the beam. The gages on the column· sections-
-----
we re located 2 inches from the top .and bottom of the beam section at the 
centerline of tfie joint, and.in line·with the faces-of· the column 
sectiqn. 
Overall deformation along the column axis of the connection was 
measured using dial gages. Beam deflections at ~he two load points were 
also measured using dial gages. 
Two systems were used in an effort to measure the deformation 
of .the epoxy bearing pad between the beam and column. In CT-1, inside 
calipers were used to measure the distance between the column face and 
beam top. This proved to be very time consuming, and the accuracy of 
the readings was questionable because of the roughness of the material 
in this location. For the later tests (CT-2 and CT-3), a frame was 
fabricated to accommodate three dial gages. The frame was mounted on 
the column section adjacent to the joint, and the dial gages were 
positioned to read directly against the surface of the beam. ~lthough 
• 
-this system may have had some e f feet on _ the column behavior, it yi·e lded 
much more consistent data. / 
. ' 
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3. C . 0 L U M N A N A L Y s· I· S 
3.1 GENERAL 
Two basic types of reinforced concrete columns have been used 
as standard members for many ·years. The spiral column has been shown 
to be a tougher section than the tied column. This toughness is based 
primarily on the failure mode characteristic of each type of column. 
A tied column is characterized by a more sudden failure, with unloading 
_beyond the ultimate. load point accompanied by outward buckling of the 
vertic.al reinforcement between the ties. The percent of spiral in a r 
spirally reinforced section has some effect on the failure o·f the 
section. However, in general,. a spiral column continues to support 
substantial load and exhibits durability or toughness long after 
excessive deformation, cracking, and spalling of the outer concrete 
shell have given adequate warning of· impending failure. 
The present Code (ACI 318-63) recognizes the difference in 
toughness for the two types of columns, as reflected in the more severe 
limitations on design values to·be used for tied columns. Under working 
strength design procedures, the allowable stress in ~'the longitudinal 
reinforcement of tied columns is reduced to 85% of the allowable for 
spiral columns ... The capac.ity reduction factor, 0, of 75% for spiral 
columns is reduced to 70% for tied columns, when the sections are examined • 
under ultimate strength criteria • 
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. •' . 
. .. Classification of the column sections used in the "Dyna.frame" 
sys·tem into any specific category, as defined in the Code; is impossible •. 
The equations utilized in the ultimate s·trength design method for 
combined bending and axial load are general in nature. These equations 
give a reasonable approximation of the ultimate capacity of virtually Q 
any section for small eccentricities. At large eccentricities, these 
equations tend to over-estimate the capacity of "Dynaframe" columns. 
Two alternate procedures for the analysis ·of these sections 
will now be presented. The first method utilizes a portion of the 
working stress design method for small eccentricities and considers 
the column to be two independent sections (one the steel tube and the 
other the concrete portion) for larger e·ccentricities. The second 
approach, corresponding to ultimate strength design, considers the 
column as two indep~ndent units at ultimate load, the total capacity 
of the overall section being the suni of the ultimate capacities of the 
two units. 
3. 2 PROPOSED WORKING STRESS METHOD OF COLUMN ANALYSIS 
, 
A two-phase method of analysis.for the cross section tested 
has been developed. Because of (1) the location of the main longitudinal 
reinforcement in the center o_f the section, and (2) the 9,mooth surface of 
the main reinforcement resulting in questionable bond and interaction, 
. / an approach other than that of f.ered by the ACl Code is required. 
The . first phase cpnside;s,. the equations of the Code as applicab~e 
when is located within the .kern 
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distance of the plain concrete section, where computation of the kern 
distance includes the effect of .the void· in the concrete section caused. 
by th~ hollow core and steel tube. The working stre_ss method of 
,, analysis, as g.iven in the Code provisions for tied columns, should be ~ 
. 
" utilized in this region. The provisions for tied columns were used in 
this analysis, based on the failure modes observed in the test columns • 
• 
That is, the effect of the spiral reinforcement used in the CA series 
column was not sufficient to warrant use o_f the design criteria for 
spiral columns. After the spalling of the shell the strength of the iJ 
, 
column was reduced to the s:trength of the material inside the· spiral 
reinforcement. 
The second phase of the proposed method of analysis covers 
all eccentricities greater th.an the kern distance, as described pre-




viously. This method is based on the assumption that interaction between '-· · 
th.e two column materials is negligible, and in subsequent statements,· 
will be referred to as the two-column theory. The steal tube and the 
;concrete section are assumed to act independently, with each carrying a 
portion of the· applied load, based on working or allowable stress 




The.concrete is assumed to crack to a depth such that the kern 
{' . 
· --_- of the cracked section coincides with the point of -the applied eccentric 
. 
. 
· load. This as~umption means that we are assuming the tensile strength 
of the concrete to be zero·. The allowable compressive stress in the 
' . 
concrete is taken as that given by the Code for flexure (0.45 , ... £ ) • . 
C 
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. . . 
. . 
The ·steel tube. is considered as a separate column section· and 
. is analyzed elastically, using the allowable value _for high strength 
.• 
, 0 
. reinforcement in tied columns (0.85 X 0.4 X f ) • ·_. ·T 
•• ,·. y ' . . . . ' 
-
-Two methods of approach are available. For a given eccentricity,· 
a trial and error approach can be used, wherein a depth of cracked 
section is assumed. If this approach yields the kern at the proper 
distance,· i.e. at the load point, the solution is correct. If the kern 
is not in the correct location, other cracked section depths must be 
assumed until the correct kern· distance is achieved. 
For a given cross section, it is also possible to develop an 
·interaction diagram. relating load, moment, and eccentricities, and 
forming an envelope of safe possible combinations. For the design method 
proposed, the portion of this interaction diagram corresponding to • 
eccentricities greater than the kern distance must be computed on the 
·basis of the two-column theory. In effect, the portion of the inter-
action diagram in the region of the balanced eccentricity and the· region 
wherein tension controls is based on the proposed theory. 
3 .3 EXAMPLE - WORKING STBESS · INTERACTION DIAGRAM DEVELOPMENT 
' In this section, the complete interaction-diagram based on 
' 
. 
. working stress crite;ia will be developed. This diagram would be suitable 
; ,, for either the columns of the CA series or the CB series, as no recog-
nition is made· of the presence of the spiral in the CA series colunms • 
• The development will be cove~ed in three parts as follows:-
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' 3.3.l The interaction diagram for eccentricities within 
, the kern of the uncracked concrete section • 
. 3.3.2 · The interaction diagram for, eccentricities outside. 
·' 
the kern of'the uncracked concrete section. 
-
. . 3 .3 .3 Interaction Diagram for ·CA and CB series colµmns •. 
,·1:,, 
' \ 
3 .3 .1 The Working St,;ess Interaction- Diagram for Eccentricities · 
within the Kern of the Uncracked Concrete Section 
-21 
. . ~ ·-
The first step in the development of this portion of the inter-
action diagram is the direct application of Eq. 14-1 of Section 1402 of 
the ACI Code, with the additional reduction factor for tied columns from 





(ACI Code 14-1) · 
0.85 =·reduction factor from Section 1403 
' 
. . f = compressive strength of concrete C 
0 
A, 
- total net concrete area C 




A = total area of vertical reinforcement : · st 
J 
I 
· · _Dir~ct · application· of this formula results in the determination of the · 
maximum allowable design load on the column section, with ·no associated. 
··bending. moment. 
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··•·- The Code ·provis~ons for working stress design were developed 
:pn a semi-empiri~al .basis, working back from ultimate strength ~esign 
-22 
. considerations. -The result is that only two additional poi~ts need to 
be· determined to complete the initial portion. of the interaction diagram. 
The portions of .the curve between points are. then considered to be 
straight lines •.. "'t• •• 
b 
I 
, . The first'.- point to ·be determined is found by direct application 
•. . 
' ' 
. of Eq. (14-10). 
where 
f , 
F = 0.34 (1 +p· m)f a g C - (ACI_ Code 14-~0) 
F = allowable axial stress to be used in a 
Eq. (14-9) 
\ \ 
. pg= ratio of vertical reinforcement to the 
total net concrete area (A /A ) 
. St C 
• 
' m = f /0.85 f y C 
The stress F , when multiplied by the area of concrete in the section, a 
., 
. , 
-determines the upper point on the P-axis of Fig. 9. 
A suitable second point for this portion of the curve requires 
, 
,· the application of Eq. (14-9). One possible point would be. that cor-
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·. '-:. . ·,-',' kern of the uncracked section. Equation (14-9) .is given ·as ',..;.: -. • ~. J I 
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. where,; for ·our cas~, it has b·een assumed that: 
' I" •• 
''; .. 
. . 
' ·~ -~ 
•: 
·. f · = axial load divided by the . concrete · 
. a 




. b applied moment divided by·· the transformed 
section modulus of the ·section 




. ' - . ·._; . .-·. 
' Fb = allowable concre_te flexural- stress (0 .• 45 fc) . 
-23 
Setting this equation equal to unity and solving for the allowable load 
yields the maximum.allowable load on the column at this eccentricity. 
' I I 
. The first portion o~· the interaction diagram is completed by 
joining the points obtained from Eqs. (14-10) and (14-9) with a straight 
line segment. Next a line parallel to the moment axis is extended from 
the point determined on the basis of Eq. (14-1) to an intersection with 
the line based on (14-9) and (14-10). These two straig~t line portions 
form the upper bounds for allowable load and moment conditions where the 
. ·-. ) 
eccentricity is less than, or at most equal to, the distance to the 
kern of the uncracked section. 
· 3 .3 .2 · The Working Stress Interaction Diagram· for Eccentricfties 
outside the Kern of the Uncracked Concrete Section 
,,. 
In this portion of the diagram an uncracked concrete section 
• 
·depth is assumed. A logical sequence is to start with t~e full depth of 
. 
section and reduce the depth in increments, the number of increments 
.· ;.. " 
determining the number of points available for use in plotting the curve. .\ 
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. . . Next, the prop~rties of the uncracked concrete section are 
determined, considering only the concrete, and including the effects of 
the void in the center caused by the hollow core and steel tube. The 














A of • the cracked = area concrete 1n concrete CC. 
section 
ct= distance to the extreme fiber in tension 
c = distance to the extreme fiber in compression C 
- . 
X = the location of the neutral axis of the -C 
e = 
C 
cracked concrete .section with respect to 
the neutral axis of the full·column 
section 
distance to the ·kern of the cracked 
_ sectio~ with respect to the neutral 
the cracked section - the effective 
eccentricity on the cracked concrete 
concrete 
• of axis 
section 
~ The. location of the kern is based on elastic conditions with a 
zero stress condition at the cracked face of the section such that -
• ·!. ·., 
·Therefore 
\.. -· - .. 
.. 
-\,• 
. ' ·. . ' . 
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The effect.ive · eccentricity on the overall column section and 
· on the· steel _is· given by 
·- . 
·--· 
-e = X + e 
. 8 C C (3-J)·. 
. . 
· The allowable load on the column is then determined on the 
basis of elastic principles, using allowable stresses for the concrete' 
and steel as specified in Chapter 10 of the Code. These allowable 
.stresses have been reviewed ·in Section 3.2. The allowable load on the· 











= maximum allowable column load 
:.. . 
'~-; p • allowable load carried by - maximum ·-s 
the steel 
p = maximum allowable load carrie·d by C 
the concrete 
·· · ~ " · >The maxiDJ.Um. allowable load· to be carried by the stee 1 is based on 
·; .. ~ 
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where. . . 
.· f (allowable) = S_··. . . / (O. 85) (0_.40) (fy) ', " • I 
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[··.I 
and the Jnaximum allowable concrete load is taken. from · 
./ 
... 
P P . e - /) ·.... C 
· C C C C + ----= A I '_•.,.' _;,. ,•·. • • .. ,.:., ':·:' ,A'. 
,..._ .. , ... ,_ (3-6). f c - (allowab_le) 
cc cc 
... ,/, ., ' 
where .. 
. ' .. f · (allowable) 
. C = o.-45 £ .. C 
. ..... 
.. ' . 




3.3.3 Working Stress Interaction Diagram for CA and CB Series 
Column Sectfons 
.. A compl~te interaction diagram developed on the basis of the· 
previous procedure is shown in Fig. 9. The principle section and 
material properties used to develop this diagram.are given in Appendix 2·. 
A·marked ~iscontinuity is noted· at the transition point from 
code prov~sionsbfor tied columns to the proposed design method. This 
discontinuity is due to the stress cond-ition in the stee 1 section. Under 
the Code method of analysis, assuming complete interaction of· the steel . . 
and concrete, the maximum steel stress as determined from the concrete· 
s.tress distribution is found to be 14,300 psi. The proposed· method of 
analysis utilizes the full allowable stress of 20,000 psi in the steel • 
If this ratio of steel stresses is applied ~o the portion of the allowable 
column loaa carried by the ·steel the two points coincide. The applica-
bility of this correction to points on the interaction diagram other than_ . ., 
' \ d 
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' the point just cons.idered-is questionable, and there·fore, the· discon-
tinuity must remai~ pending extension and verification of the ·proposed . 
.... 
theory w·ith additional tests • 
. \ The value on'. the interaction diagram corresponding to a pu:t;e 
bending condition is determined using the section modulus of the plaj.n 
steel section, and the allowable stress used in the previous calculations. 
The dashed lines on the interaction diagram are based on the 
. Code provisions·for determining the values corresponding to balanced 
-~' 
conditions, and to the case of pure bending. The provisions for 
and spiral columns have been shown. It is possible to apply th~ 
.equations for the spiral column case directly to the section us~d. 
For the tied column equations it was assumed that 1/2 the total steel 
area was str~ssed in tension, and the centroid of thi~ steel area was 
used to determine the distance from the extreme fiber in compression to 
the centroid of the tension steel. The portions of the diagram based 
on these methods show: 
. '· ·• . 
. . ' 
·, ' 
,!. 
1. Spiral column predictions.are conservative • 
~ in the region of the knee of the curve. · 
2~ · Tied column·predictions are not conservative 
in the region of the knee of the curve. ./ 
.. , ·-
.. . . ', ~ . ~- .. , .. I . 
,···1 . ,.·:- ~ ' ' .... . ·. • ! .. 
3·. Both methods predict larger capacity in pure 
bending than would be achieved on the basis 
. . f· . 
' -., ~ . -.. t .. 
:• . 
·· .. : .I . 
. . 
. -~ -· . 
··. I •... ·, .·. 
of the flexu~al strength of the steel tube at 
the allowable stress. 
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- 3 .• 4 PROPOSED· ULTIMATE STRENGTH COLUMN ANALYSIS METHOD 
A method has been-developed for determining the ultimate capacity 
of· the column sections used in the ''Dynaframe" syste,m. In ·this method. 
-cthe.steel and concrete portions of this column are considered to be 
independent load carrying units, regardless of the eccentricity of the 
applied load. Because of the location ·of the main longitudinal rein-
forcement in the center of the section and the smooth surface of the 
... ~ inain reinforcement, ·the development of sufficient bond to insure inter-
action of the two materials is questionable. 
In the proposed procedure, an interaction diagram is developed 
for the ultimate load capacity of the column section. This interaction 
diagram is similar to the interaction diagram for a standard:tied or spiral 
column developed'by use of the Ultimate Strength Design provisions of the 
ACI Code. However, formulas based on the proposed _two-column theory are 
.. ~~· 
us·ed ·in this method. 
The main longitudinal ·reinforcement, the steel tube, is con-
s,~dered to be an independent load carrying· component. The analysis of 
A 
the steel tube is based ~n simple plastic theory which has, been modified· 
',/'' 
to take into account the effect of axial load·on the ultimate bending 
- . capacity of the tubing. Any lateral constraint offered by the concrete 
.. 
surrounding the tube is not considered since the cracking of the concrete, 
-even at small eccentricities, was found to be extensive. The ·specified 
. . :" - .·~.(Ji\. 
-
·minimum yield stress for the· steel may be used in the.absence of more 
positive information regarding the compressive properties of the _tubing • 
. • ,t 
. . . ' '-· ·-
·. ~ ' ; 
' . . . ·' . 
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' ' ' 
The concrete portion of the· overall colunm section is again 
,_ 
treated on a cracked section basis. A re~tangular stress dist-ribution 
' ,, 
is assumed and the ultimate compressive. s.tress is related to the'_ cylinder 
strength of the concrete b·y the same factors utilized in the ACI Code. 
.A cracked section is assumed to form such that the uncracked concrete 
sectipn at ultimate capacity is concentrically loaded. 
I 
Combining the ultilllate capacities of the two i'ndependent units 
,,,·'. for the same eccentricity of applied load permits the' development of 
the interaction, diagram. This interaction diagra~ provides an enve ~ope 
of ultimate load conditions which the column sections can be expected to_ 
develop. This iµteraction diagra~ corresponds to the intera~tion diagram 
''··' developed under the Code, with the capacity reduction factor, 0, taken 
as unity. 
- -~ 
3 .5 EXAMPLE - ULTIMATE STRENGTH INTERACTION DIAGRAM DEVELOPMENT 
In this section the c_omplete ultimate strength interaction 
diagram will be developed. This diagram would be suitable for either 
the columns of the CA series or the CB series, since no recognition is 
made of ~he presence-· of the spiral in the CA series columns. The 
. ' 
, ·• > • development will be covered in three parts ·a~ follows: 
,> 
. ' ' 
It '• ~,,__ .. 
'. .- ' 
' ' 
0 
·3.5.1 Analysts of the ste~l section. 
3.5.2 Analysis of the concrete section.,-· 
' .. 
· · 3 ·.5.3· The resulting interaction diagra111 for· ultimate' 
capacity. 
j' 
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· 3.s.1· Analysis of 'the Steel Section 
! 
. . 
·--------~ The. analysis-of the stee 1 tubing as a separate column is ·based·· .. 
on simple plastic theory which has been' modified to account for axial ' ( 
load. The effect of axial load on the ultimate bending moment capacity 
has been described in texts on plastic theory. <21> <22> 
t . 
Beedle <21> preSents interaction equations for wide-flange steel 
shapes where the effect of axial load is considered. Modificati·on of 
·· these equations for use with the tubing of the· column sections provides 
an approxi.~ate method for determining the capacity of the tube. 
The 
.\ 
. ,;/' . ' ' 
where 
. . 
axial load component carried by the tubing • 18 given by 
p 
-- 2 'f 
'lo (2t) = 4 f Yo t us y y 
P = axial load capacity ·of steel tube under us 
combined bending and axial load 
fy = yield stress of the steel tube 
(~-8) 
y
0 • distance from midheight to the neutral axis 
" t_ · = wall thickness of steel tubing 
• 
The corresponding bending moment M is given .by the fo_llowing expza~-ssion _ pc 
and represents 'plastic hinge moment modified to include the effect of 
axial compression: 
•• - ,i, 
~ . . . 
M • f (z - 2 t y 2) pc· y o · · (3-9) ... 
• 
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1. •. 
·where· z is the plastic modulus,. Substitution of y from Eq." 3.8 into. 0 
Eq.· 3.9-yields thf! bending moment as a function··of the axial force P.· 
• 4,·- . 
= f y z -
t 
8 f t 
Y-
1' 
--·· _.__:...: .. . 
(3-10) 
--since M must equal P (e ) for the maximum condition we have pc us s 
z - ·s £ t 
Y· 
(3-11) 
from which the maximum value of P can be determined for_ any eccentricity us 
and yield stress of the steel. 
A more exact approach to the reduction in plastic moment capacity 
due -to axial load is presented in Appendix 3. This method cqnsiders the ·. · 
true shape of the tubing. The reduction is computed using equations 
developed for the exact decrease in plastic modulus by the use of --
intergr,~tion techniques. 
Both methods,· as developed thus far,. are suitable for eccen- · 
tricities greater than one inch. The values for ultimate load using the 
approximate_method are approximately 10 percent low for small eccen-
tricities (1 inch to 2 inches) and the correlation improves rapidly for 
larger eccentricities. At an eccentricity of 3-1/2 inches the difference 
.in values is less than 1%. 
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3.5.;2 -Analysis of the Concrete Section . ·. ' . 
lffl 
..,_."- .. 
. -The concrete. portion of· the ·overall' column section. is· considered 
.. , 
to carry its portio1:1,· of· the ultimate column load th~ough a cracked sect'ion. 
The cracked_ sect:i.on is considered to have eq\lal concrete areas inside and 
. 
. outside the point~ of application- of the eccentric load along the 
. "il 
princ.ipal axis. 
The exact analysis of the concrete portion, as.presented in 
Appendix 3, requires that the first moment of the areas of the concrete 
inside and outside the load point be equated, thereby taking into full 
accoun.t the effect of ·the void in the concrete section. 
The concrete in -this cracked section is considered to have a 
rectangular stress dist;r.ibution over the entire area of the uncracked 
·,,;' 
'. 
concrete. The magnitude of the stress in this rectang1:1lar section is ,. 
I 
given by k1 _k3 fc where k1 and k3 are constants which have been deter-
mined on thEt basis of previous· test dai:a. (Z3) · The constant k1 has a ~ ~ . I • 
-value. of 0.85 for concrete. cylinder strengths up to 4000 psi. Fo.r 
cylinder strengths greater .than 4000 psi the value of k1 is decreased 
0.05 for each 1000 psi increase in concrete cylinder strength. For k3 
the value was taken.as 0.85 for all cases. • 
/ 
For a given eccentricity of loading, the-resulting· cracked 
.. 
- ·. 
, . -··_·. section can be determined with equal areas inside and outside the point· 
• /, . . 
of loading. The void in the center of the column section must be con-· 
sidere·d in· determining the area of the. concrete. In the proposed method,·. 
.. inclusion' ·of the \void in the concrete area for small eccentricities can I 
' . 
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s . 
The product of the area of the uncracked portion of the column 
concrete and the uniform stress yields the maximum load which the concrete 
____ portion of the column sect.ion ·will sustain at a given .eccentricity. 
3.5.3. Interaction Diagram for Ultimate Capacity 
. ;._, .... 
--=. ... 
... ,· 
.,.,.,, .. , 
The compl~te interaction diagram for- ultimate capacity of the.· .. 
·~ .. 
CA. and CB series colunm. sections tested is shown in Fig. 10. Tbe section 
/) 
properties and material proper~ies used to develop this diagram are 
given in Appendix 2. This interaction diagram is based on the preceding 
' . 
procedure,·· and does. not include any capacity reducti~n. factor as would 
be the case using ACI Code provisions. A capacity reduction factor 
simply shrinlc's the entire diagram along radial lines toward the origin. 
The first point·to be determined is that corresponding to a· 
concentric load.· Since there is no cracking in the concrete and both 
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P =k k f A +f A U 1· 3 C C . y St (3-12) 
P · = ultimate load capa:c·ity under axial 
u 
load only 
' kl - 0.85 0.05 (fc 4000) - -
(but n.ot greater than 0.85) 
0.85 k3 - . 
~ 
A = total net concrete· area 
.c 
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'.. .. : ,.,,. .. 
f = nominal steel yield stress y ' - : ;, :.~ ._, .;. '. . 
... \ · .. 
I . 
-
A = total area of vertical reinforceme.nt. 
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· the_ point on the abscissa of the interaction diagram ··corr~·sponds 
,.--
. to a state of pure flexure-. . For tnis value, the plastic moment capacity 
of the steel tube, giveri--by ·· 
. . -
.. 
M = f z p y. · .. (3-13) 
is used. Because of the central location and smooth surface of the s-teel 
tube, it is felt that for flexure, the ste~l shou_ld be considered as 
acting alone, ,and the concrete should be neglected. Therefore, the.· 
flexu~al strength, at ultimate, is assumed to be that of the ste-el tube. 
The interaction curve between these boundary points is then 
developed using either the procedure of Sec. 3.5.1 and 3.5.2, or that of 
Appendix 3. -· 
·The· interaction diagram sho~n in Fig. 10 is based on a limited· 
. number of points between the two boundary conditions ·pf flexure and . 
~ 
--• 
concentric loading. Even with.this· limited·number of points, a good 
representation of the ultimate capacity _interaction· diagram for the 
co~umns of this system can be obtained. Refinement of this. diagram by 
. plotting additional points would be· possib~e, but does not ap~~ar to be 
reqµired for normal design use. 
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4. -T E S T R E ,.5 U L- T S ···. 
,J,' 
----·~.·--... 
4. 1 ·. cotUMN TE ST RESULTS . - ' 
Eight column specimens with three different cross sections 
If (see ~apter 2.4) were tested. The concrete cylinder strengths, type 
of reinforcing ·system, initial eccentricity of applied load, theoretical 
0 ultimate capacity, and maximum test load for the colu11U1 specimens tested, 
- are shoyn in Table 2. 
. , 
A'll of the reinforced column secti.ons tested exhibited similar 
behavior patterns up to the load at which the instrumentation was 
removed. . Column load versus unit strain curves- for the two concen-
trically loaded reinforced columns are shown in Figs. li and 12 •. The 
unit strain used in Fig. 11 is based on c'oncrete surface strain taken 
f from the electrical resistance strain gages at column midheight. The. 
. 
. 
·: curves of Fig. 11 represent the average of the four gages monitored on· 
the conventional strain monitoring equipment. The average of the four 
· dial gages, used to measure overall colunm deformation, is reduced to 
unit strain for. use in Fig. 12 .: 
Applied column load versus lateral deflection of the column at , 
midheight is shown in Figs. 13 and 14, for eccent_rically loaded re·in-
forc·ed column sections. Figur~ 13 is based on data from the two re in-
,,. forced columns tested at an initial ecc,entricity of 1-3/4 inches. Data 
) 
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obtained from the two reinforced columns tested with an initial eccen-
tricity of 3-1/2 inches are plotted in Fig. ·14. 
The dashed lines shown on Figs. 11 through 14 represent theo-·. ·. 
. retical predictions in all cases •. Additional comments on the tes·t 
results ·and these theoretical predictio~s are presented in Section 5 
of ··this report. 
.Cracking was observed in both types of reinforced colunms well 
in advance of failure, for both the concentrically loaded and the eccen-
. ' ~ 
trically loaded specimens. At maximum test load, the shell portion of 
the concrete spalled off in the colunm sections containing the spiral 
(CA series). An immediate drop in 1-oad was observed, however, these 
sections were able to sustain this reduced load (750 kips for CA-1) for 
I 
an extended period of time. The concrete portions of the sections with-
ou~ the ·spiral (CB series) fe 11 away suddenly, after the maximum test load 
had been reached, leaving the bare steel tube exposed. Typical failures 
for the two types of _specimens are shown in Figs. 21 and 22. 
4.2 CONNECTION m·sT RESULTS 
. . 
... Three connection specimens were teste.d under proportional . 
. . 
loading conditions, with a constant ratio of beam load to column load · 
:". 
maintained throughout the ·test. · The loading conditions for thes-e tests · 
·are described in Section 2 .4 of this report, and the results of t.he 
• ' I 
: . 
tests are given in Tab.le 3. One connection specimen was tested with 
load applied only- to the column section, .to study the effect of the 
. ' 
.,. ._, .. 
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·grouting materials used in the "Dynaframe" ·system on the · integrity of 
the connection .. This specimen will be discussed at a. later point. 
/ " .. 
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·column load versus axial unit strain; from the overall column 
deformation data of column specimen CB-1 and connection specimen CT-1, 
are plotted in Fig. 15. The data from CB-1 were used since the re in-
.forcement. us~d in the column portions .of the connection specimens was. 
the -same as that of the CB series columns. 
' In the connection tests, lateral deflection from the moment 
~ applied at the column midheight was not detectable. To show the com-
parative per£ ormance of the eccen~rically loaded column specimens and 
the connections with applied moment, Fig. 16 was plotted using data - ,<-
from ·column specimen CB-3 (e = 3-1/2 in.) and connection specimen CT-2 
where the applied moment was the maximum of the connection tests. 
Compressive and tensile strains for the column specimen were based on 
overall deformation data from the four dial gages at the corners of the 
base plate. The two readings on the compression side of the column were 
. .,,,.,,-
a ve .. ra ge d and reduced to compressive unit strain. The tensile strain was 
determined in the same manner from the two dial gage ;re~din·gs 1,on the 
tensile side of the column. An average of these values is then plotted .. 
and ·.is shown on Fig. 16 as an average curve. The overall column defor-
'· 1>. mation _for CT-2 is reduced to axial unit strain for use in this figure. 
In the tests of the first two connection specimens, CT-1 and CT-2, 
. ' 
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hydraulic systems working against each other, forced terminat-ion of the • 
test at this point • 
. In an effort to ensure column failure, the ratio of beam to 
~#--
. -· 
· column load was reduced for CT-3. The applied load was equal to the 
difference in the beam loads as proposed in the original program, and 
this arrangement resulted in the same. moment b·eing applied. to the column 
sections as would have resulted from the proposed loads. Column failure 
.· was achieved. 
The failure mode of all connections tested was such that sig-
nificant cracking occurred prior to failure and provided ade'qt..ate warning 
of impending failure. The crack ·patter_ns at maximum test load in 
specimens CT-1 and CT-2 are shown in Figs. 23 and 24. In ·the connection· 
tests where beam failure was achieved (CT-1 and CT-2), and in the one 
·where the column portion failed (CT-3), the overall section provided 
, ) considerable ductility with no tendency toward a sudden type of failure .. 
A fourth connection spe_cimen was tested for a period of 14 _days, 
:With only the co·lumn portions qf the specimen under load. At particular 
levels of column load (200 kips, 400· kips, etc.), the load was maintained 
\ 
. for a period of time ranging from one- hour to .five days. Strains in the 
area of the ~poxy grout were sfound to a,gree with the -strain determined 
from overall deformation for.the entire section. There was no indication 
· of potential failure in the column section or ·the joint under five days 
of sustained loading at 800,000 lbs. ·This sustained load of 800,000 lbs • 
... 
was 82.5 percent of the predicted ultimate capacity of this section •. , .. c., 
. .., 
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· 5. A N A L Y S I S O F · T E S T R E S U L T S . . ,-(·· .--'-', ' 
. ' ~ 
~ I • . 
,, 
5 .1 GENERAL 
The "Dynaframe" struct·ural framing system is composed of members 
with limited variation in the overall dimensions of column and beam 
sections. Variation in the capacity of the individual components is 
achieved by -alterin·g the percentage of reinforcement used·. 
~ The specimens tested in this investigation represent the maximum 
percentage of reinforcing steel for ,:he. intermediate column of this 
system, and the maximum size beam to be used in conjunction with this 
column section. The column sections contained the maximum percentage 
of steel to be used in this system for any of the column sections. 
The materials used in the fabrication of the test specimens 
exhibited mechanical properties comparable to those assumed in the design 
o~ this system. Concrete cylinder strengths were all in excess of the 
design strength· used. The tensile properties of the steel in the tube 
were in excess of the ·manufacturers specified m~nimum, while· the com-
• 
pressive strength was approximately equal in magnitude to the specified 
/ 
minimum tensile ~~rength. 
I 
The test results obtained from this Jnvestigation were evaluated 
using the actual properties of the materials.·· In view of this fact, it is 
' 
I, 
·, j . 
1 ... 
• .- r' 
- •'.;' 
/ 
\ . J:.,! 
felt that · the, results obtained· from this investigation should be _applicable 
. . ' 
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,. 
·· · to any design using thi-s $J'.st~m involving similar materials. However, 
the proposed method of: analysis· may not- be- conservative for columns . 
- ···--
' 












5.2 ANALYSIS OF COLUMN -TEST RESULTS 
5 .2·. l Elastic Performance_of. Column Specimens 
:, 
I 
All of the reinforced column sections tested exhibited similar 
behavior patterns up to the load at which the instrumentation was re-
moved. This·similarity of behavior can be seen in Figs. 11 through 14, 
On each of these figures, theoretical predictions of the behavior are 
represented by the dashed line. 
The predicted performance of the concentrically loaded column 
.test specimens (Figs. 11 and 12) was based on the transformed section 
properties of the column cross section· and elastic theory. The correl-
ation of data and predicted curve in Fig·. 11 is quite good, where the 
u.nit strain data is taken from the electrical resistance strain gages 
{ · at the column midheight. The use of overall deformation data, including 
end effects such as grouting, etc.' results in some discrepartcy, -as 
shown in Fig. 12. 'The performance of both col~mns is linearly elastic 
· well above the normal working range for this type of columns. / 
For the eccentrically loaded columns of Fig. 13, the prediction . 
· · is again based on transformed se·ction properties and elastic theory. 
> \ - • . 
The transformed section properties of the entire section were used for 
·, 
.. , ... , . -;;, . · , ff·· 
"l• . 
· v < .•· · • :this pred.iction. The use of the full transformed section yields an 
., 
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• 
unconservative estimate of the·response of the column to load applied ,, 
at an eccentricity of 1-3/4 inches. This is due in part to questionable 
· · · interaction of the two materials used inc this section,· and the manner 
tn_which they combine -t-0 carry a load applied insid~ the·kern of the 
uncracked-concrete section. 
. -
The .transformed section properties of the cracked column 
section determined under"the proposed working stress ana~ysis procedure 
.. (Section 4) were used in determining the pred-icted performance curve of 
Fig. 14. Elastic principles were applied to the cracked section. 
J 
Correlation of the predicted curve and test data in the working load 
range for the columns loaded at an eccentricity of 3-1/2 inches-shows 
that the proposed working stress cracked section analysis gives a 
rational approach to the behavior of the "Dynaframe" colu~. 
5.2.2 Inelastic Performance of Column Specimens 
Examination of the maximum test loads, shown in Table 2, 
indicates that the ultimate capacities of the reinforced column sections 
are similar for the same loading conditions. This is due in part to 
the low percentage of spiral reinforcement .. The percentage · of spiral 
• 
reinforcement used in the· sections tested was approximately 7-1/2 · ·. 
,I 
percen~ of the mtnimumACI Code requirement (Section 913(b)). 
In a reinforced concrete column which uses deformed bars fc>r 
- -
· longitudinal reinforcing the spiral controls t.he buckling of· the bars, 
. . 
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the mode of failure. The function of the spiral in the member is to· 
·hold the two components together so that.- each w~ll deflect with the 
, same curvature .. The .s_piral in "Dynaframe" columns does not serve the . 
same function as either ties or spirals in reinforced columns. There-fore, the size of spiral to be used -in "Dynaframe" columns need not be governed by any provision~ of the ACl Code. 
Although the elastic performance of ·the column sections tested' 
were similar for both the sections with, and without, the spiral, the low ratio of spiral did have a noticeable effect on the failure mode 
·of the two types of reinforced columns. At ultimate load, the behavior 
of the spirally reinforced columns was intermediate between the typical behavior of tied and spiral columns. The concrete outside the spiral 
spalled off at the maximum test load and the load dropped to a·value 
which was indicative of the str.ength of the concrete and the steel tube. This remaining core was unable to carry additional load upon further deformation because the spiral was insufficient. However, the steel 
tube did not buckle, and the member was able- to support a considerable 
'· load (750 kips for CA-1) for an extended period of time. The concrete portions of the sections without the spiral shattered suddenly after I 
the maximum test ·1oad was reached, exposing the bare steel tube • • 
/ 
From the tests conducted, it appears that the spiral is not 
·· a~solutely necessary __ for eccentricities up to, and including, 3-1/2 
inc·hes, as· far as the linearly elastic performance of the column sections 0 1·s concerned.· The cracked section of concrete which exists for 
.. "/··,. 
'·. 
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I 
, eccentricities· up to 3-1/2 inches is sufficient to contain the· steel tube,. 
and force the two components to de fleet together. The_ .. _c_racked section 
~hich forms for .larger eccentricities would not serve in this manner, 
and therefore, the spiral is more necessary for larger eccentricities! 
- The spiral, however, does serve two very impor~ant function_s ·, even in 
the case of small eccentricities,_. and therefore, should be_ included in· 
the details of the columns. It provides some factor of safety with 
respect to ultimate load by its control of the mode of failure. The 
spiral also serves to control shrinkage and_ temperature cracking, thus 
providing a positive means of holding both elements together. 
The predicted ultimate capacities indicated in Table 2 are 
based on the propo~ed ty,o-column ultimate stre.ngth analysis procedure . 
. For the concrete, the actual cylinder strength was used, while for the 
-
tubing, the manufacturers' specified minimum yield strength was used 
because the compressive properties of the tubing were ·similar to the 
specified minimum tensile properties. For cases in which the compressive 
.Properties of the tubing are not the same as the manufacturers' specified 
-~I~ 
minimum tensile properties, the compressive propertie-s should be used. 
· The theoretical analysis of -tubular beam columns is beyond the scope of 
· (24) 
. this report, and is covered elsewhere. 
For the plain concrete column sections (CC-1 and CC-2) the.end 
bearing plates were anchored to the concrete·by tack welding a short 
. - :.. 
· section of tubing to the bearing plate. · This tubing extended approxi-
mately 8 inches into the concrete, and had an angle bracket circum-
ferentially tack welded to the interior end to form a collar._ The stress 
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concentration· caused by this configuration did not· appear to affect the 
result of the concentrlcally loaded column test. In the eccentric 
loading case, however, this· stress concentration·could account for the 
discrepancy between predicted load and· test capacity. 
·_The ·predicted ultimate capacities shown ·in Table 2 have hot 
bee··n modified by any capacity reduction £_actor or factor of safety. 
One approach to determining a suitable factor of safety would be that 
offered by_ Chapter 15 of the ACI Code. On the basis of the tests 
conducted it seems appropriate to utilize the c~pacity re~uction factor, 
0, for tied columns. The spiral utilized in these columns is not 
·intended to, and is ·not sufficient to, cause the two components. to behave 
like a spiral column. Although the failure mode of the columns was 
intermediate between that of a tied and spiral reinforced column, the 
tied columli. factor is recommended. The use of this tied column factor, 
0, in conjunction with the following equation 
U = 1.5 D + 1.8 L (ACI. 15-1) Ii 
where . l 
u = design ultimate load 
D - design dead load 
. ·-
L= design live load 
/ 
,give~ factors of -safety ranging from 2 .15 to 2 .48 for· live load to dead 
load ratios of Oto 4. 
.... 
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5 .3 . ANALYSIS OF· CONNECTION TEST RESULTS-
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-~ 5.3.l · Proportional Loading Te,sts , r;, ' : . ,:'~' '-. 
. -, . 
. . ' 
. .·. ::·' 
. -· 
The e.lastic behavior of the column portion of the connect·ion is · 
• 
shown in Figs. 15 and 16. The overall behavior of the connection detail 1 
could he characterized as elastic.· 
Predicted response, indicated by the dashed lines of Figs. 15 _ 
an~ 16·, was based on the transformed area of the column section and 
elastic theory. The correlation is affected by end conditions in the 
column tests, and by the discontinuity in the column section o·f the 
connection test. The curves indicate, however, that the detail of the 
joint does not seri~us_ly alter the column behavior. 
The test program for the connection tests was setup with 40 -
· percent of the column load applied through the beam •. In an effort to 
ensure a column failure in the third connection test (CT-3) the beam 
load to column.load ratio criteria were neglected, and load was applied 
only to one beam.stub. The moment applied to the column portions, 
with different ratios of column load applied to the beam stubs (0.26P 
~o 0.13P for CT-2, O.OOP to 0.06P for CT-3), was the same as that 
applied in the eccentrically loaded column tests. The moment being 
applied at t·he 11_1idhe:i:ght of the specimen caused it to deform in double 
curvature·. The end conditions in the connection tests (semi-fixed or 
r 
. flat ended) were ~lso diffei:ent. from those of the eccentrically loaded 
columns (pinned). The result of these two conditions is that the 
. 
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-46 . ' 
~ccen.tricity of load application. is reduced for each colunm portion of 
the. connection test specimen. 
" 
-Examination of· the concre·te surface strain data follow~ng 1 · . \.~ \ .. · . "' 
. ~ 
-~ completion of the testing pr:ogram indicated.that·e~centricities in the 
column sections above.and below the beam were ·not equal. The column 
section which was grouted against the beam with the drypack material 
exhibited a larger eccentricity from su-rface strain data than did the 
column section on the epoxy grouted side. The eccentricity exhibited,by 
the column. section ·was approximately 1.5 times the magnitude of the 
eccentricity exhibited in the column on the epoxy side of the beam. 
The percentage of the column load carried by the column section adjacent 
to the drypack grout, as indi.cated by the surface strain of the concrete, 
was greater than the anticipated value. In the working load range, the 
'l 
column load ratio is approximately 0.65 rather than 0.60. At greater 
loads, the ratio of the column loads increases to approximately 0.8 
pri~r to removal of, the instrumentation. 
' ' 
From these observations· it would appear that a reduction in · 
column stiffness is required for· the end of the·colu~ adjacent to the 
epoxy gr.out material. This reduction .could be utilized in the overall 
. 
. 
.!rame analysis, and also in determining the effective length of the 
column to be used in· the design. The reduction would result in l.!nequal 
portions of the moment at. a ·given joint. being taken by the column 
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Predicted ultimate capacities .for the beanis -and column sections 
· of the connection specimens are shown in Table 3. The beams used in· 
this system are . designed in accordance with Chapter 26 of the ACI Code, , . 
and the theoretical prediction was based on the Code. The column 
· predictions were made using the proposed method of Section 3 of this 
report. In {>oth analyses, the actual concrete strengths and nominal 
spec if ied stee 1 values were used. 
In the connection tests where beam failures occurred (CT-1 and 
CT-2), the predi~ted and test loads, show good correlation. In both 
cases, the column load was belo~ the predicted strength of the column 
sec.tion. In CT-3, where column failure was· achieved, the test ·1oad is 0 
well above the predicted ultimate. 
The failure mode·of all connections tested was such that sig-
nificant cracking occurred prior to failure, and provided adequ~te 
warning of .impending failure. In both the column failure and the beam 
failures, the overall section provid~d considerable ductility, with no 
tendency toward a sudden type of failure. This is of particular sig-
nificance in the case of the column failure, since the column sections 
used in· the connection test specimens contained no spiral reinforcement. 
It should not be construed from this that the spira.1 is not necessary 
(Section 5.2). In the connection tests, the restraint provided by the 
semi-fixed end condition along with the shorter column length and lower 
net eccentricity, would limit the lateral deflection of the column 
section, thereby r~ducing the tendency toward sudden failure • 
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. . . ~.· ' . · In the fabricatlon o.f the connect.ion test $pecimens, the void ·, . ' ;•, 
in the beam was copipletely ·filled around the threaded stud with the epoxy 
,. grQ~t used in the bearing pad~ It appears that the lateral restraint 
offe·red by the epoxy_completely encasing the threaded· stud enabled the ') 
it .. 
de~~lopment of the ultimate strength of the stud, even though ~he area . '• 
of the stud is only 60 percent of the area of the tubing in the col~mn. 
The behavior of these conne-e-tions under field erection conditions could 
be adversely influenced, if the void is not completely filled • 
. The test results indicate that the flexural strength of the 
beam can be developed by this. connection, as seen in CT-1 and CT-2.· 
The test of CT-3 showed that the ultimate strength of the column can 
-also be developed b·y the connection. Therefore the ductility of the 
joint would be that· of the beam, or that of a tied column, depending 
on which is the ·controlling (weaker) t_e lement. 
It is important to note, as was pointed out previously, that 
the column sections used in .the connection specimens did not contain 
the spiral reinforcement. The effect.of the spiral would be to enhance 
the performance of the ~olumn portion at ultimate load from the stand-
point of ductility. Therefore, it would seem that the connection is 
• quite satisfactory. 
./ 
5.3.2 Sustained Load Test 
The sudden reduction in column cross section in the region of 
----
the epoxy grout (from 12 • in. x 12 in. to 10 in. x 10 in.) was felt to 
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be a potential weak .point ,of the connection. The fourth connection test 
·"' 
was con~ue:ted for a period· of fourteen days· to examine the behavior in 
---
this region of the connection detail, and its effect on the behavior of 
- the column section· framin_g into it. The creep behavior of the overall 
-column section was essentially that of a reinforced· concrete column 
section. · 
The compressive strength of the mix used was specified as a 
minimum of 8000 psi. Samples of the epoxy taken from the first two 
connections~ were· tested to evaluate the mechanical properties. The 
. 9-
u 1 t ima te strength of the mix was determined to be 13,000 to 15,000 psi, 
- which was considerably higher than the manufacturers' specified minimum. 
Cre·ep .strain in the plain material under constant stress was found to be 
in exces.s of 30 percent. In the sustained load test, strains in the 
a~ea of the· epoxy grout were found to agree with the overall unit strain 
-values. for the entire section. Data from the proportional.loading tests 
also indicated strains in the epoxy grout region comparable to overall 
unit strain. 
Th·e reduction in cross-sectional area in the region of the pad 
does not appear to have a detrimental e·ffect on the strength of the 
· column, because the concrete will sustain an overstress of a local nature. 
The lateral restraint of the concre.te surfaces,. above and below the epoxy 
>• 
.pad,- and the neoprene strip used to form· the pad, limit the creep of 
the epoxy mate~ial in the connection detail by· preve·nting free lateral 
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, ·tested. Under five days of sustained loading at 800,000 lbs., there was 
no indication of potential· failure· of the column sections or the joint. 
-
~-
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5 .4 COMPARISON OF PREDICTED ULTIMATE CAPACITY TO TEST MAXIMUM LOAD· 
.-• 
An interaction diagram for the "Dyilaframe" column section was 
. 
. 
.developed for the column sections.of the CA. series colunms and-CB 
series columns in Section 3 .5. A non-dimensional form of the same 
. 
. interaction diagram is showri· iri Fig. 17, along with the maximum test 
loads for the reinforced column specimens and the column sections of 
the connection specimens. A graphical comparison of the results of the · 
column and connection tests without this non-dimensional format would 
not be very meaningful, primarily because of the difference in concrete 
strengt_hs between the column test specimens and the column portions of · 
the connection test specimens. 
~-
The interaction diagram, as well as the test poin·ts, are non-
dimensionalized by considering their respective values with respect to 
the two boundary conditions of the interaction diagram. · The two boundary 
conditions are the concentric axial·load capacity of the section, P
0
, 
and the flexural capacity of the·section, M. All values, both. pre-o a 
dieted curve and test data, ·were then plotted as a ratio of the two · 
parameters. This non-dimensional form of the interaction diagram should 
be suitable· for all_ percentages of re·inforcement used in the "Dynaframe" 
system. 
. . ,,_;.: ,, ' ·. ., '~ .. 
~ ~ p J , ' • 
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... . : 
\'·. 





. . . The maximum test loads for all ·reinforced column sections, as 
'.•'. 
·'-
· • well as the one ·conne~tion test in which column _failure wa·s achieved, . 
-plot outside the maximum predicted capacity curve~ when presented in 
non-dimensional form. On the column sections in which beam failure was~ 
the 1 controlling factor, the maximum test loads.plot within this curve,· 
. 
. -as _would be expected, since the expected ultimate <;apacity- had not been 
reached. The correlation of test data and predicted values indicates 
that the two-column analysis method yields satisfactory predictions of 
.the ultimate capacity of the "Dynaframe" system colunms. 
Examination of Figs. 9 and 10 indicates that the. factor of safety 
of the theoretical ultimate capacity over the allowable load from working 
-stress design is approximately 2.35. This would correspond to a live 
load to dead load ratio_ slightly greater than unity in the reconnnended 
procedure for determining factor of safety in Section 5.2.2. As a 
result, it is felt that the relationship of the two design procedures is 
.. 
comparable to the relationship of the two procedures under the ACI Code • 
> .
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.6.· . S U MM A RY A N D c- 0 N C L U S I O N S 
. i., 
. . 
. ' ' .-.. '.' .. , 
The elastic and ultimate·strength behavior of the "Dynaframe 
' 
System" has been evaluated- from the testing of eight column specimens 
\~ ... · . ' ' 
... ,i. 
and four: connection specimens •. Within the scope of this investigat·ion .. 
. 
the following conclusions were reached: 
·.'; 1 ...... ·.· 
. ~ -"~ l ~ ., 
;; ''_~ I 
1. Since the members of this system are unique, a 
specification directly applicable to this system 
should.be developed as a basis for design. 
2. The deformation characteristics for the column 
section may be adequately estimated on- the basis 
of the transformed section for small eccentricities 
(within the kern of the concrete section), and the 
suggested cracked section for larger eccentricities. 
3. The ultimate capacity of the column sections may 
be predicted using the proposed two-column analysis 
for all eccentricities .. 
( 
· 4. A suitable capacity reduction factor for the columns 
of this system would be that used for tied columns 
in the ACI Code (0 ~. 0. 70) • 
5. The.function of the spiral in "Dynaframe" columns 
is to bind the stee 1 and coilcre·te comporients 
together such that each will deflect with the same 
. .. . 
:· ·. , ~/ ·, 
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·;curvature. The·refore, the size of spiral in 
· ... these columns j?s not governed by the ACI. Code. __ 
.. 
The spiral. should be included in the column, 
in order to control the mode of failure, as 
well as to limit shrinkage and temperature 
cracking. 
7. The connection detail is adequate to develop the· 
strength of the controlling framing element. 
8. It' does not appear that reduction in column area 
at the epoxy bearing pad has· a weakening effect 
. I 
:". 
on the column. 
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A ' st 
Area of concrete in the-cracked concrete section 
Total area of vertical reinforcement 
Portion of Ast resisting ~ltimate axial load under combined 
bending and axiai load 
Transformed area of column cross section 
-Area of the portion of the circular void within the 
cracked coricrete section, 
c Distance to extreme concrete fiber in compression C 
' c Distance to extreme fiber of symmetrical steel section s 
D 
in compression or tension 
Djstance to extreme concrete fiber in tension 
Design dead load 
e 
C 
Distance to the kern of the cracked concrete section with 
respect to the neutral axis of the cracked section 
E 
C 
Initial Young's modulus of concrete 
·· e
8




· Initial· Young's modulus for steel in tubing 0 
/ 
/ 
f Axial load divided by the concrete area of the member (A ) a 
C 
F Allowable axial stress under combined bending and axial a 
load 
' .: ;_' { .. J.'· . 
.. . -, 
. . ', ·' ' 
' •. _.:_ -:T' 
. •',, .' ..;_/;-,-If~' -:t· ,:~,'° .··,.,.~ ~-' ,.~· •. '. 
·- ..... 
(I.,· ,\ ''.. -,' 
·. '_\ . 
. . . 
- . ' 
' .. ··~· . 
. . 
•, ' 
' .;,,., .. 
• 11 .... ;, 
' ' \ ? ·, 
. f; ~--' '. ,, 
r·r ·· 
' . 
lJ L . r:.-- ~£&!!111 ~JU~, 




· . .{ ,-, 
'1 




-··· ... · - .......... ···---··-.----.···'.···-·--·····-···--.·-··"-.-·--·· .--~··· -.............. -------~~";;;·--·;;;;·~·,;;;;·-···;;,;,-··:;;;·''·-:::.·"';::·--::::.:··-:::_· =.:::··-2·.::·z::.2:·~! . '.::'·' ~· ~ .. ·~-----
J·r----------..... -------------111.1 ........ -··""· ----------~ _J .i 
,• ,. ... 
,, 
. \'; ':· ' 
. -~ : 
rl ,· ,1 • · ·;~ , 
r ·~ .-
A·P PE ND IX 1 (continued) 
·- . ..cs--·-· • 
.... 
·.· I . 
--~ 













-of the section 
' Allowable concrete flexural stress (0.45 f ) 
C 
Compressive strength of concrete 
Allowable stress. in colunm vertical reinforcement 
Yield stress of steel in tube 
Moment of inertia of uncracked concrete section 
Moment of inertia of cracked concrete section. 
Moment of inertia of main reinforcement section 
1t Moment of inertia of transformed section 
I 
Constant = 0.85 - 0.05 (£ - 4000) 
C 
Constant= 0.85 
L Design_ live load 
I 
m f /0.85' f y C 
M ... 
all Maximum allowable applied moment 
M Plastic moment capacity of a section p 
.. 
I 
M Plastic moment capacity modified to include effect ·of pc 
axial compression 
n Modular ratio= E /E, 
. S C 
.A -
P Applied· column load 
p 
a 
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Ultimate load capacity under concentric axial load .. on~ly 








Theoretical ultimate axial load capacity 
. 
-Ultimate axial load capacity of steel tube under 
·combined bending and axial load 
. 
Outside radius of steel tube= radius of void in 
concrete section 
Inside radius· of steel-tube 
·Wall thickness .of steel tubing 
Design ultimate load 
- -----
--------- --- -





section with respect to the neutral axis of the full 
column section 
Distance from midheight of section to neutral axis 
Dep~h of.the circular void within the cracked concrete 
. section with respect to a tangent 
Location.of centroid of the circular void within the 
.cracked concrete section with respect ·to a tangent 




. • ,• . . If 
·- "- ' 




. \ .... 
























·1 J' i I 
.·.; 
" 'l 





. . . 
. . ''. 
r 
r 'l ,'. • 
;,,--, C ,' ,.ll!.J.!' ,,.,,, .... ....;-~ • -
'. 
, ' -,1,· r 
''. ,_." / ... : " 
, I I · ' 
_. -'.,:,, 
.. '.':'-•'.r:;-. ;.· . 
n. .,. - ~· 
. ' 
. · -·~- -A . P P E N D I X 2 SECTION PROPERT-IES 
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Appendix 2 .1 Section Properties used for Working Stress Interaction 
Diagram 
~ 
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for Use • Code Equations in 
AT 
1t 
= ·7. 2 sq. in. 
= 20.0 ~-4 
= 28.5 X 106 psi 
= 60,000 psi {manufacturer's 
specified minimum 
tensile) 
= 124.4 • sq.- in. 
- 1697 • 4 in. 
= 4.5 X 106 • (from cylinder psi 
test data) 
= 7670 psi 
. = E /E = 6.34 
S C . ' 
·= 169.9 sq. • in. 
1824 in. 4 -
• 
-57 








Cracked concrete section properties must be determined for each -
.. . -
assumed depth of_ .cracking. 
. -:., . ..:, . -
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Uncracked Concrete Section 
0 
Cracked Section Properties 
Concrete Section Properties 
:.•. 
;•.: 









- 7.2 sq. • - 1.n I 
- 10.17 • 3 1n. 
= 60,000 • psi. 
= 124.4 sq. • in. 
f = 7 .670 psi C 
~,....:....· ~ 
r 
Steel tubing properties to be modified 
in accordance with Section 3.5.1 of this· 
report. 
To be determined in accordance with 
Section 3.5.2 of ·this report . 
. .
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For the steel tubing the modified section modulus is given by. 






2 2 3 (R1·· - yo) 
R_/ 2 3 





where the terms in this equation are defined on the sketch below: 
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The shaded area represents the portion of the total area, Ast' which 
' ' . 
·Would be resisting the ·axial load under combined bending and axial load· 
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.conditions. This area ·is given by 
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\ . 
. At = 2 






where the terms are as defined above. 
For a given eccentricity "en 
[' 
' I 
·M = p e pc --u .S \ 
where 
I 
• p = (Ast f ) u y 
therefore 
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substitution of the expressions for Zmod (A~-l) and A CA3- 2> from above 
gives an expression relating the eccentricity of the maximum applied 
load and the depth of the block required to ca'rry this axial load 
4 z - -3 -
·3 
. (R 2 _ y 2) 
1 0 + 
2 2 3 (R2 - yo ) 
•. 
.· .. ·')." .. 
, .. 
·\ 
e =-~~------------------==--------------s ,---,----· 
R 2 2 -1 Yo 2 - Yo - 82 sin a; 2 + R 2 . -1 yo - Yo 1 sin Ri 2 
•.. 
(A3-7) 
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From this expression ·we can determine the eccentr-icity of appliEd load 
for any given depth (y ) and from the area. expression, tne denominator 
. 0 ~-, 
. 
of the section at this eccentricity. The product of axial load times 
eccentricity then yields the ultimate moment capacity of the steel 
section under combined conditions of bending and axial load. 
The determination of the effective concrete· area in the cracked 
concrete section in Section 4.5 requires an approximate procedure. The 
.Presence of the void in the center of the column section requires con-
sideration of equilibrium conditions about the point of application of 
the eccentric load. The simplified method assumes equal areas about the 
load point neglecting the equilibrium. conditioq providing a satisfactQry 
approximation. 
Equations have been derived· for the area of this segment arid 
the distance to its c·entroid. with respect to a tangent line. The symbols 
in the equations are defined on the following sketch. 
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R 1T 2 R /2 Yv 2+ R2 ·-1 .A (yv R) R sin + = - Yv - Yv 2 V R ·· .. (AJ-8)· .· ... · 
.,., 






. 2 2 · ·. ~l Yv 
- R) · 2, R y - y + R sin V V 
-




... y = 
V 
3 











If y is inserted as a ratio of Ra non-dimensional plot results 0 
-which can then be used to determine A and y for any radius of void. 
With these values at hand, the area and centroid of the concrete 
portion can then be determined for any eccentricity. 
. . (AJ-8) 
. The area expression may also be utilized in the approximate 
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'6 25.5 X 10 
6 28.5 X 10 
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TABLE 1 STEEL TUBING TENSILE AND COMPRESSIVE PROPERTIES 
Yield 
Stress 





















Note: Manufacturers' spec_ified minimum tensile yield strength· for 
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- I Modulus of 
Concrete Elasticity 
Specimen Cylinder for 




rA-1· 7670 4.5 X 106 
CA-2 7670 4.5 X 106 
·CA-3 7670 4··.s X 106 
.CB-1 7445 4.5 X 106 
CB-2 7720 4.5 X 106 
CB-3 7600 4.5 X 106 
CC-2 9600 5.0 X 106 
CC-2 9600 . 5.0 X 106 
-2 COLUMN TEST RESULTS 
Reinforcement Initial 
(Note A) Eccentricity 
(in.) 
A 0 










































, Notes: (A) ·Reinforc'in-g detail - A - Steel tubing and sp ral (Fig. 4) 
B - Steel tubing (Fig. 5) 
C - Sonotube used to form 5 in. diameter hollow core \, 
' 
,:(B) Based on -two-column analys_is method of Section 4 .5 with f = actual test value , C 
f = 60,000 psi (manufacture.rs' 
Y specified minimum yield) J. 
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TABLE 3 CONNECTION TEST RESULTS 
Beam Theoretical The ore t ica 1 Beam Moment Column Concrete Ultimate Ultimate at Test 
Reinforce- Cylinder Eccen- Beam Column Maximum 
ment Strength tricity~-k Moment Load Load 
·(psi) (in.) (in.-lbs.) (lbs.) (in. - lbs.) 




. 1 0 I 
• • 
~ 
G 3,900,000 791,500 3,950,000 B 
(I.: 
. 8,400 1.0 3,900,000 791,500 1,325,000 
~-
* Seee 1 tu·bing as de s·c:r··ibed in Fig. 5 
** . 
. The eccentricity given here is based on concrete surface 
strains o.btained during these tests, and is the value used· 
to calculate the theoretical ultimate column load. 
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